The objective of this study was to examine whether the effects of age-related neuropathologies on cognition change over time. Participants were 1096 deceased persons from two clinical-pathologic studies. All were without dementia at baseline, completed a detailed battery of cognitive tests annually over up to 21 years, died, and underwent detailed neuropathologic examinations to identify Alzheimer's disease pathology, vascular pathologies (i.e. macro-and microscopic infarcts, atherosclerosis, arteriolar sclerosis, and cerebral amyloid angiopathy), Lewy bodies, transactive response DNA-binding protein 43 (TDP-43) pathology, and hippocampal sclerosis. A time-varying effects model was used to flexibly characterize the trajectory of global cognition and assess whether the effects of demographics and each neuropathologic index on cognition changed over time. Results indicated that the mean trajectory of global cognition was characterized by gradual cognitive decline beginning $15 years before death and accelerated decline in the last few years. With the exception of microinfarcts and arteriolar sclerosis, all neuropathologies were associated with the cognitive trajectory. However, the nature of their associations varied. Alzheimer's disease pathology, macroscopic infarcts, Lewy bodies, TDP-43 pathology, and hippocampal sclerosis were associated with progressive cognitive decline, with their deleterious effects increasing over time. By contrast, atherosclerosis and cerebral amyloid angiopathy pathology were associated with a lower level of cognition but their effects were relatively stable over time. These results suggest that age-related neuropathologies are differentially related to late life cognitive trajectories. Whereas some contribute to progressive cognitive deterioration, others lower the level of cognition but exert relatively stable effects over time.
Introduction
Loss of cognition in old age is primarily driven by the accumulation of age-related neuropathologies. It is now well established that neuropathologic indices of the three most common causes of dementia, Alzheimer's disease, cerebrovascular disease, and Lewy bodies, are frequently observed in the brains of older persons with and without dementia and are important determinants of cognitive impairment and decline (Driscoll et al., 2006; Sonnen et al., 2007; Markesbery, 2010; Bennett et al., 2012c; Boyle et al., 2013) . More recent data, however, suggest that less wellstudied neuropathologies also are common and related to cognitive impairment and decline; these include transactive response DNA-binding protein 43 (TDP-43) pathology, hippocampal sclerosis, and additional vascular pathologies including cerebral atherosclerosis, arteriolar sclerosis, and cerebral amyloid angiopathy (Nelson et al., 2010 (Nelson et al., , 2011 (Nelson et al., , 2013 Wilson et al., 2013; Boyle et al., 2015; Nag et al., 2015; Arvanitakis et al., 2016) . Further, despite interrelationships between some of these neuropathologies, their effects on late life cognitive decline are relatively independent.
Although the deleterious effects of age-related neuropathologies on cognition are increasingly recognized, little is known about how the effects of neuropathology on cognition manifest over the course of ageing. Age-related neuropathologies have different patterns of accumulation, frequently co-occur, and many cannot be quantified in vivo, making it difficult to determine how they impact cognition as individuals age. Clinical-pathologic studies suggest that age-related neuropathologies may have differential effects on late life cognitive trajectories, with some (e.g. Alzheimer's disease pathology, infarcts) associated with cognitive decline, and others (e.g. microinfarcts) associated with a lower level of cognition but not rate of decline Skrobot et al., 2016) . Notably, however, most studies used linear modelling approaches, despite evidence that cognitive decline in old age is nonlinear (Hall et al., 2001; Dodge et al., 2011) . Some studies have used changepoint models to address non-linearity, and this approach reveals more complex associations; for example, whereas Alzheimer's disease pathology and gross infarcts are more strongly related to early (i.e. preterminal) cognitive decline, Lewy bodies are more strongly associated with later (i.e. terminal) decline (Wilson et al., 2010 Boyle et al., 2013) . We recently expanded on the changepoint models by using a novel sigmoidal modelling approach to examine the relation of neuropathology with four components of the cognitive trajectory (Wilson et al., 2016) . Results again revealed differential associations of specific neuropathologies with components of the cognitive trajectory. Although changepoint and sigmoidal models accommodate non-linearity and provide evidence of complex neuropathology-cognition associations, they are limited by a priori assumptions about the functional form of the cognitive trajectory. Further, they do not allow for the effects of neuropathology to change flexibly over time. Thus, how the effects of neuropathology on cognition unravel over the course of ageing remains largely unknown.
In this study, we expand on prior work by employing a time-varying effects model (TVEM), a unique and flexible modelling approach, to examine whether the effects of multiple age-related neuropathologies on cognition change over time (Yang, 2012) . TVEM differs from prior approaches in two important ways: first, it does not assume a specific functional form (e.g. linear, sigmoidal) for outcomes such as longitudinal cognitive decline. Second, TVEM allows the effect of predictors (i.e. neuropathology) to change over time, again without assuming a specific functional form. The approach therefore can flexibly capture the trajectory of late life cognition and reveal dynamic effects of age-related neuropathologies on cognition over time. Participants in this study were 1096 deceased older persons from two longitudinal clinical-pathologic cohort studies of ageing. All were without dementia at baseline, completed a minimum of two cognitive evaluations (maximum = 21), died and underwent uniform neuropathologic examinations for identification of age-related neuropathologies.
Materials and methods

Participants
This study included deceased participants from the Religious Orders Study and the Rush Memory and Aging Project (Bennett et al., 2012a, b) . The Religious Orders Study involves older Catholic priests, nuns, and monks throughout the USA, and the Rush Memory and Aging Project involves older lay persons recruited from the Chicago area. Both studies require detailed annual clinical evaluations and brain autopsy. Participants provide informed consent and an anatomical gift act, and the studies were approved by the Institutional Review Board of Rush University Medical Center.
Eligibility for these analyses required the absence of dementia at the study baseline, at least two cognitive evaluations, and death with a brain autopsy and complete neuropathologic examination. At the time of these analyses, 3124 individuals had enrolled in the parent studies and completed the baseline evaluation; 194 persons with dementia at baseline were excluded. Of the remaining 2930 individuals, 241 subjects only completed the baseline assessment (100 died and 141 dropped out prior to the first follow-up evaluation). Of the remaining 2689 subjects, 1278 died, and a brain autopsy was done on 1121 persons (88%); of those, neuropathological examination was complete for 1096 individuals (97.8%).
Clinical diagnosis and assessment of global cognitive function
Details of the diagnostic procedures have been described previously (Bennett et al., 2012a, b) . After review of all test results and information about education, occupation, effort on testing, and potential sensory or motor problems, a neuropsychologist provided a rating of the presence or absence of cognitive impairment. Subsequently, an experienced clinician diagnosed dementia following standard criteria that require a history of cognitive decline and impairment in two or more cognitive domains, one of which must be memory for the diagnosis of clinical Alzheimer's disease (McKhann et al., 1984) .
Each annual clinical evaluation included a battery of 19 cognitive tests. The Mini-Mental State Examination (MMSE) was used to describe the cohort, and a subset of items from the MMSE and a short form of Complex Ideational Material were used only for clinical classification (Folstein et al., 1975; Bennett et al., 2012a, b) . Performance on the remaining 17 tests was used to create a composite measure of global cognition in order to minimize floor and ceiling artefacts in longitudinal analyses. For computation of the composite measure of global cognition, scores on individual tests were converted to z scores using the baseline mean and standard deviation of all participants in both studies, and the z-scores were averaged together. Further information on this measure and the individual tests is published elsewhere (Wilson et al., 2002 (Wilson et al., , 2005 .
Neuropathologic evaluation
Brain autopsy procedures have been described in detail and were done by examiners who were unaware of all clinical information (Schneider et al., 2007; Boyle et al., 2013) . Briefly, brains were removed, weighed, and hemispheres were cut coronally using a Plexiglas Õ jig into 1 cm slabs. One hemisphere was fixed in 4% paraformaldehyde. After gross examination of both hemispheres, nine brain regions of interest (i.e. midfrontal, midtemporal, inferior parietal, anterior cingulate, entorhinal and hippocampal cortices, basal ganglia, thalamus and midbrain) were dissected from the 1 cm slabs of fixed tissue and processed and embedded in paraffin. Sections (6 mm) from the paraffin blocks were stained for assessment of pathology. Alzheimer's disease pathology (i.e. neuritic plaques, diffuse plaques and neurofibrillary tangles) was visualized in five cortical regions using a modified Bielschowsky silver stain. Counts of silver-stained neuritic plaques, diffuse plaques, and neurofibrillary tangles were used to create a continuous global measure of Alzheimer's disease pathology. Gross (chronic) infarcts were identified visually by examining slabs and pictures from both hemispheres, confirmed histologically, and treated as present or absent in analyses. Lacunar infarcts that were 41 cm in the subcortical grey or white matter were considered macroscopic infarcts. Microinfarcts (chronic) were those that were not visible to the naked eye but were identified under microscopy using haematoxylin and eosin stain in a minimum of nine regions, including six cortical regions, two subcortical regions, and midbrain; microinfarcts were treated as present or absent in analyses. Lewy body pathology was assessed using antibodies to -synuclein in six regions including substantia nigra, limbic and neocortices and treated as present or absent in analyses. Hippocampal sclerosis was identified as severe neuronal loss and gliosis in hippocampus or subiculum using haematoxylin and eosin stain and treated as present or absent in analyses . TDP-43 cytoplasmic inclusions were assessed in six regions using antibodies to phosphorylated TDP-43 (pS409/410; 1:100); inclusions in each region were rated on a six-point scale and the mean of the regional scores was used in analyses . Arteriolar sclerosis was detected histologically by use of haematoxylin and eosin-stained sections of the anterior basal ganglia and rated as absent, mild, moderate or severe; for these analyses, arteriolar sclerosis was rated absent or present to facilitate interpretation of the results, with present including mild, moderate and severe ratings (Arvanitakis et al., 2016) . Atherosclerosis was assessed on gross examination by visual inspection of vessels in the circle of Willis and rated as absent, mild, moderate or severe; for these analyses, atherosclerosis was rated absent or present, with present including mild, moderate and severe ratings (Arvanitakis et al., 2016) . Cerebral amyloid angiopathy was assessed using amyloid-b immunostaining in four regions (i.e. midfrontal, inferior temporal, angular, and calcarine); in each region, meningeal and parenchymal vessels were assessed for amyloid deposition and scored from 0-4, where 0 = no deposition; 1 = scattered segmental but no circumferential deposition; 2 = circumferential deposition up to 10 vessels; 3 = circumferential deposition in 4 10 vessels and up to 75% of the vessels; and 4 = circumferential deposition in over 75% of the vessels. The score for each region was the maximum of the meningeal and parenchymal scores and a continuous summary score was created by averaging scores across regions .
Statistical analyses
We used TVEM, a unique and flexible statistical method for exploring dynamic associations between predictors (e.g. neuropathology) and longitudinal outcomes (i.e. cognition) (Shiyko et al., 2012; Yang, 2012) . TVEM differs from traditional regression analysis in that it does not assume a specific functional form (e.g. linear, quadratic) for the longitudinal outcome, and it allows the effect of predictors (i.e. their coefficients) to vary flexibly over time, again without assuming a particular functional form. As a result, the model captures complex cognitive trajectories and provides estimated coefficients and corresponding confidence bands for the association of each neuropathologic index with cognition at each cognitive assessment. By allowing the effect of neuropathology to vary flexibly over time, this method can directly inform on the dynamic effects of different neuropathologies on cognitive trajectories over time; for example, it is well appreciated that a clinical stroke can be associated with rapid cognitive decline followed by stabilization or even improvement in cognitive function, and this method can capture such changing effects over time. Our model included age at death, sex, education and all nine of the age-related neuropathologies, with all variables treated as time-varying. Further, to summarize the timevarying effects of each neuropathologic index, we calculated the mean estimated coefficient and range of estimates for each index over time.
Results
Characteristics of study participants
Participants (n = 1096) in these analyses had a mean age at baseline of 80.2 years [standard deviation (SD) = 6.8] and a mean of 16.4 years of education (SD = 3.7). They died at a mean age of 88.9 years (SD = 6.6) after completing a mean of 7.7 years of follow-up (SD = 4.5); additional descriptive data are provided in Table 1 . Notably, there was substantial decline in cognition during the follow-up period, as evidenced by the difference between the global cognitive scores at baseline and proximate to death; this is consistent with the observation that, among eligible persons who started without dementia, by the time of death, 427 (39.2%) persons had dementia. There also was a considerable burden of neuropathology among decedents. Table 2 shows the correlations of pathology variables with demographics.
Estimating the trajectory of global cognition and the effect of demographics
We used TVEM to estimate the mean trajectory of global cognition over up to 21 years of observation (mean = 7.7 years, SD = 4.5 years); this analysis required complete data on all variables and included age at death, sex, education, and the nine age-related neuropathologies (i.e. Alzheimer's disease pathology, macro and microscopic infarcts, Lewy bodies, TDP-43 pathology, hippocampal sclerosis, cerebral amyloid angiopathy pathology, atherosclerosis, and arteriolar sclerosis), with all variables treated as timevarying (i.e. their effects could vary flexibly over time). As shown in Fig. 1 , the mean trajectory of global cognition was characterized by gradual cognitive decline beginning $15 years prior to death, with an accelerated rate of decline in the few years just prior to death. As shown in Fig. 2A , the association of age with global cognition was evident beginning 415 years before death, when every additional decade of age was associated with a 0.18-unit decrease in global cognition [standard error (SE) = À0.03, P = 1.12 Â 10 À8 ]. Notably, this association remained relatively stable over time (mean estimate = À0.012, range of estimates: À0.015 to À0.009; SD = 0.002), as indicated by the nearly flat curve. As shown in Fig. 2B , the association of education with cognition was evident 415 years before death, when every additional year of education was associated with a 0.024 unit increase in global cognition (SE = 0.005, P = 3.53 Â 10 À7 ); this association also remained relatively stable (mean estimate = 0.027, range of estimates: 0.023 to 0.031, SD = 0.003). Finally, the association of male sex with cognition was evident 4 15 years prior to death (Fig. 2C) , with males having lower global cognition than females (estimate = À0.121, SE = 0.032; P = 1.78 Â 10 À4 ); however, this effect levelled off and was not evident in the last decade of life (range of estimates: À0.183 to À0.004, SD = 0.053).
Effect of age-related neuropathologies on the trajectory of global cognition
Simultaneous examination of the relation of age-related neuropathologies revealed that, with the exception of microscopic infarcts and arteriolar sclerosis, all other age-related neuropathologies (i.e. Alzheimer's disease pathology, macroscopic infarcts, Lewy bodies, TDP-43 pathology, hippocampal sclerosis, cerebral amyloid angiopathy pathology and atherosclerosis) were associated with the trajectory of global cognition. Interestingly, however, the nature of the associations of these neuropathologies with cognition varied. Specifically, Alzheimer's disease pathology, macroscopic infarcts, Lewy bodies, TDP-43 pathology, and hippocampal sclerosis were associated with progressive cognitive deterioration, with their effects increasing over time (Figs 3 and 4) . As shown in Fig. 3A , the association of Alzheimer's disease pathology on global cognition was evident $17 years before death, when every one additional unit of Alzheimer's disease pathology was associated with a À0.072 unit decrease in global cognition (SE = 0.035; P = 0.048); this effect doubled $13 years and tripled $10 years before death (range of estimates: À0.580 to À0.054, SD = 0.135). The association of hippocampal sclerosis and cognition was evident $13 years before death (estimate = À0.112, SE = 0.055; P = 0.042) and doubled and tripled $10 and $3 years before death, respectively (range of estimates: À0.350 to 0.010, SD = 0.116); (Fig. 3B) . The association of macroscopic infarcts and cognition was evident $13 years before death (estimate = À0.056, SE = 0.028; P = 0.044) and doubled and tripled $7 and $4 years, respectively, before death (range of estimates: À0.272 to 0.026, SD = 0.072; Fig. 3C ). The association of Lewy bodies was evident $10 years before death (estimate = À0.046, SE = 0.022; P = 0.043) and doubled and tripled $8 and $5 years before death, respectively (range of estimates: À0.281 to 0.096, SD = 0.102; Fig. 4A ). Finally, the association of TDP-43 became evident $7 years before death (estimate = À0.029, SE = 0.015; P = 0.049) and doubled and tripled $5 and 4 years before death, respectively (range of estimates: À0.155 to 0.023, SD = 0.052; Fig. 4B ).
In contrast to the neuropathologies with increasingly deleterious effects on cognition, the associations of two vascular pathologies, atherosclerosis and cerebral amyloid angiopathy pathology, with cognition were relatively stable over time. That is, the association of atherosclerosis was evident 415 years prior to death and reduced global cognition by an average of -0.178 unit, but this association did not change substantially over time (range of estimates À0.208 to À0.146, SD = 0.023) (Fig. 5A) . The association of cerebral amyloid angiopathy pathology with cognition was evident 411 years before death but was small and also remained stable over time (average = À0.023, range of estimates: À0.044 to À0.007, SD = 0.012) (Fig. 5B) . 
Discussion
In this study, we examined the time-varying relations of several age-related neuropathologies with the trajectory of late life cognitive decline using data from 41000 persons in whom cognitive function was assessed annually for up to 21 years. Findings showed that the deleterious effects of many age-related neuropathologies emerged more than a decade prior to death. However, the nature of their associations with the trajectory of cognition varied. Whereas the effects of some neuropathologies were progressive, with their deleterious effects increasing over time, the effects of others were relatively stable over time. These findings suggest that age-related neuropathologies are differentially related to late life cognitive trajectories, with some contributing to progressive cognitive deterioration and others lowering the level of cognitive function at some point without leading to subsequent progressive cognitive decline.
The present study builds on prior work in three important ways. First, the application of TVEM to longitudinal cognitive data allows for a flexible (i.e. without assuming a particular functional form) examination of the trajectory of late life cognitive decline. Notably, the vast majority of studies of cognitive decline in old age have used linear modelling approaches; this works well when cognitive assessments are conducted many years apart and/or the number of evaluations is limited. However, late life cognitive decline is non-linear when measured at relatively short (e.g. annual) intervals over many years (Sliwinski, 2006; Wilson et al., 2010 Wilson et al., , 2012 Dodge et al., 2011; Boyle et al., 2013) . Further, although changepoint and other models that characterize components of the cognitive trajectory have been used and represent an improvement over linear models, they are limited by a prespecified functional form and other assumptions, such as the optimal number of changepoints to use; these models therefore may not accurately represent the natural history of cognitive ageing and may be suboptimal for persons whose trajectories are inconsistent with the specified functional form. Flexible modelling approaches such as that used here are needed to accommodate nonlinearity and characterize more nuanced patterns of cognitive decline over time. The present findings suggest that, on average, cognitive ageing is characterized by gradual decline beginning more than a decade before death, with accelerated decline in the few years just before death. This is consistent with prior reports of terminal decline and suggests that terminal decline may in fact account for a considerable proportion of the overall cognitive decline observed in studies of older persons.
Second, this study advances our understanding of the temporal relations of multiple age-related neuropathologies with cognitive decline. By incorporating time-varying effects, we were able to show that the deleterious effects of many age-related neuropathologies are evident more than a decade before death. The effects of Alzheimer's disease pathology, atherosclerosis, and hippocampal sclerosis emerged relatively earliest, followed by macroscopic infarcts, cerebral amyloid angiopathy and Lewy bodies, respectively. This is consistent with in vivo data demonstrating that Alzheimer's disease pathology and atherosclerosis manifest years prior to the onset of overt dementia (Villemagne et al., 2011; Rowe et al., 2013) . By contrast, the effects of TDP-43 pathology emerged relatively later. These findings are generally consistent with those from recent work in which we examined the temporal relations of neuropathology with four different components of late life cognitive trajectories (i.e. starting level, midpoint of decline, slope of decline, and final level) (Wilson et al., 2016) . In that study, most of the age-related neuropathologies were related to the middle or later stages of decline. One exception was that very high levels of TDP-43 pathology were associated with early changes in cognitive function, but moderate and lower levels of TDP-43 pathology were associated with relatively later changes, as observed in the present analyses. Although future work is needed to more securely establish the temporal relations of age-related neuropathologies with cognition, the finding that age-related neuropathologies vary in terms of the timing of their effects on cognition has implications for the administration of interventions to prevent or treat late life cognitive decline.
Third, this study greatly extends our understanding of the nature of the association of age-related neuropathologies with cognitive decline over the course of ageing. In our analyses, many of the age-related neuropathologies (i.e. Alzheimer's disease pathology, macroscopic infarcts, Lewy bodies, TDP-43 pathology, and hippocampal sclerosis) were associated with progressive cognitive deterioration, with their deleterious effects increasing over time. By contrast, two of the vascular pathologies, atherosclerosis and cerebral amyloid angiopathy, lowered the level of cognition but their effects were relatively stable over time. Two other vascular pathologies (i.e. microscopic infarcts and arteriolar sclerosis) were not associated with the trajectory of global cognition. These findings extend prior work showing that, whereas Alzheimer's disease and other degenerative pathologies are strongly related to cognitive decline, select vascular pathologies have relatively weaker associations with the cognitive trajectory or are related primarily to level of cognitive function Arvanitakis et al., 2016) .
Together, these data increase our understanding of the longitudinal footprint associated with various pathologic processes and suggest that some age-related neuropathologies are more potent than others over the course of ageing. Thus, a focus on treatment or prevention of the most aggressive forms of neurodegeneration in old age is likely to yield the greatest benefit in terms of reducing the burden of cognitive decline.
This study has strengths and limitations. Strengths include high rates of follow-up participation and autopsy, reducing bias from selective attrition, and the assessment of cognition using a validated and robust measure for many years prior to death; the availability of dense longitudinal data allows for the precise estimation of the cognitive trajectory. Further, the use of TVEM allowed us to flexibly model the cognitive trajectory and simultaneously consider the dynamic effects of multiple age-related neuropathologies on cognition. A limitation is that the TVEM approach is not based on person-specific trajectories, thereby limiting some inferences. Additionally, as neuropathology data are collected post-mortem, we cannot establish the evolution or presence of these neuropathologies during life. Further, the neuropathologies included in this study were not all assessed with the same degree of precision (e.g. some were measured continuously and others were rated as present or absent; some were measured in multiple brain regions and others were measured in only a single region), and this may have obscured our ability to quantify the impact of some age-related neuropathologies. For example, atherosclerosis and arteriolar sclerosis were each evaluated in one brain region and semiquantitative ratings were dichotomized as present or absent for the analysis, and the inclusion of persons with mild disease may have diluted the effects of those neuropathologies. Notably, however, in supporting analyses, we required moderate or severe ratings of atherosclerosis and arteriolar sclerosis and the results were essentially unchanged (data not shown), thereby lending confidence in our primary results. Finally, some neuropathologies such as white matter disease were not assessed, although we are now collecting data on white matter pathology and will be able to examine its impact when sufficient data accrue. Despite these limitations, our analysis examined multiple neuropathologies simultaneously and revealed that the effects of age-related neuropathologies change over the course of ageing. This is in keeping with the idea that many age-related neuropathologies accumulate slowly over years or decades, but these findings have critical implications for our understanding of the varied impacts of these neuropathologies on late life cognitive trajectories. Thus, although future work is needed to further clarify the temporal and dynamic relations of neuropathology with cognition, the present results begin to address the complexity of when and how the effects of age-related neuropathologies on cognition unfold. Such knowledge ultimately will be needed to guide prevention and treatment efforts to reduce the large and increasing public health burden posed by late life cognitive decline and dementia.
